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Abstract. Molecular features such as the G-band, CN-band and NH-band are important
diagnostics for measuring a star’s carbon and nitrogen abundances, especially in metal-poor
stars where atomic lines are no longer visible in stellar spectra. Unlike atomic transitions,
molecular features tend to form in bands, which cover large wavelength regions in a spec-
trum. While it is a trivial matter to compute carbon and nitrogen molecular bands under the
assumption of 1D, it is extremely time consuming in 3D. In this contribution to the 2016
CO5BOLD workshop we review the improvements made to the 3D spectral synthesis code
Linfor3D, and discuss the new challenges found when computing molecular features in 3D.
Key words. Hydrodynamics – Convection – Line: formation – Stars: abundances – Stars:
Population II
1. Introduction
When the metallicity of a star falls below
[Fe/H]=-2.0, the only probes of the star’s car-
bon abundance (in the visible part of the spec-
trum) are found in molecular features, which
form in large bands in the stellar spectrum.
While computation of carbon and nitrogen
⋆ Observatoire de Paris fellow
molecular bands for the purposes of modelling
is a relatively simple matter in 1D, it is ex-
tremely time-consuming in 3D. This presents
difficulties when analysing a well-known sub-
class of metal-poor stars known as carbon-
enhanced metal-poor (CEMP) stars, as the car-
bon abundances are determined through ex-
ploiting molecular carbon features, like the G-
band.
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During the 2012 CO5BOLD workshop, it
was highlighted that one of the main spec-
trum synthesis codes used with CO5BOLD,
Linfor3D (Steffen et al. 2015)1, would benefit
from a sizeable upgrade so that large spectral
ranges, such as molecular band features, could
be computed in a reasonable amount of time
(Bonifacio et al. 2013, henceforth Paper I).
This contribution to the 2016 CO5BOLD
workshop highlights the major improvements
made to Linfor3D since the 2012 CO5BOLD
workshop that address the issues raised in
Paper I.
2. Computing large wavelength
regions with Linfor3D
Over the past three years, we have made sig-
nificant efforts to improve Linfor3D with a pri-
mary focus of optimising it to handle large
wavelength regions, and compute them in a
reasonable amount of time. This has allowed
us to compute large molecular bands, like
the G-band, for the first time with Linfor3D
(Gallagher et al. 2016).
2.1. What is new?
The latest versions of Linfor3D (versions
6.0.0 onwards) have been ported to GNU
Data Language2 (GDL) from Interactive Data
Language (IDL), but it still maintains the abil-
ity to run in IDL. In fact, many of the advanced
plotting options available during a Linfor3D
simulation (Steffen et al. 2015) are currently
only executable when running with IDL. This
is because GDL is still very much under de-
velopment, and the plotting packages, in par-
ticular those relating to post scripts, are ei-
ther unavailable, or not advanced enough. We
stress that only the CVS version of GDL2
is currently compatible with Linfor3D, while
the version downloadable through the RPM
Package Manager is missing crucial libraries
necessary to successfully run Linfor3D. New
routines that handle the Input/Output (I/O)
1 http://www.aip.de/Members/msteffen/linfor3d
2 http://gnudatalanguage.cvs.sourceforge.net/
were written for Linfor3D. They take advan-
tage of the Universal Input Output (UIO) li-
brary written by B. Freytag3, but were designed
to mimic the call sequences used by the inter-
nal IDL SAVE/RESTORE routines. As such,
all I/O data in Linfor3D are now in UIO for-
mat (idlsave→ uiosave).
Computation of any 3D spectrum is time
consuming. The aim of this upgrade was to ex-
pand the capabilities of Linfor3D so that it can
produce large amounts of 3D spectra quickly.
With its new ability to run on GDL, where ex-
pensive license concerns are moot, Linfor3D
can be run on High Performance Computing
(HPC) centres and can utilise parallel process-
ing. Although this can only currently be done
as an “embarrassingly parallel” job, owed to
the limitations of IDL and GDL in multi-core
processing. To that end, we have developed a
pipeline around Linfor3D for use on HPC cen-
tres. It is designed to handle the task of setting
up Linfor3D simulations, submitting them to-
gether in parallel (under MPI), monitor them
and combine them upon completion. For the
moment, this pipeline is not available as it is
still under development. However, it will be re-
leased with future versions of Linfor3D once
development concludes.
The pipeline takes a large wavelength
range, like the G-band, and splits it into several
wavelength intervals. Each wavelength interval
is then computed for every CO5BOLD model
snapshot selected. At this stage, the user has
the choice of binning the separate Linfor3D
jobs together and computing them as a single
multi-core job using MPI. There is no limit on
the number of jobs that are grouped together,
providing that the correct number of compute
nodes and CPUs are defined, as the jobs remain
independent of one-another. We have success-
fully tested this for upto 48 separate Linfor3D
jobs on four 12-core compute nodes on an HPC
centre. This means that one can submit an en-
tire band, consisting of N Linfor3D jobs as a
single parallel session of N CPUs (if compute
resources are available), making it far quicker
to compute a large wavelength range. In fact,
Linfor3D will now compute the G-band molec-
3 http://www.astro.uu.se/∼bf/co5bold main.html
A. J. Gallagher et al.: Enhanced Linfor3D computations 3
4150 4200 4250 4300 4350 4400
λ (Å)
0.2
0.4
0.6
0.8
1.0
N
or
m
al
is
ed
 fl
ux
Hγ
Fig. 1. The G-band in 3D (black) and 1D (blue) for a typical dwarf star with CO5BOLD name
designation d3t63g40mm30n02. Linfor3D jobs were run in parallel over wavelength intervals
(red and green boxes) and snapshots (10 × 20 jobs).
ular feature (∼ 4308 atomic and molecular
transitions and Hγ) for a 20 snapshot 3D model
atmosphere in 24 hours (on 200 CPUs running
in parallel), whereas it is estimated that this
would take over 90 days of compute time when
run sequentially.
Upon completion, the pipeline runs a series
of checks on the output data. These checks test
whether the output data exists, whether the data
can be opened and whether the integrity of the
output data was maintained. If this check does
not return an error, the data are combined into
a single, standard Linfor3D output, formatted
as a UIO, which can be used in IDL and GDL.
If, however, there are problems with the output
data (missing or corrupt files), the pipeline de-
termines which data are missing, and resubmits
them to the HPC centre.
Finally, Linfor3D now has a new run mode
that allows it to be executed as a stand-alone
1D spectrum synthesis code. This is partic-
ularly useful if large grids of 1D syntheses
are needed to fit the 3D when the 3D syn-
thetic spectra have been broken up into smaller
wavelength intervals, as was done for the G-
band (Sect. 3.1). This prevents the introduc-
tion of new systematic errors created when
comparing spectra computed using different
spectrum synthesis codes. Linfor3D still re-
tains the ability to compute spectra based on
1D MARCS (Gustafsson et al. 2008), ATLAS
(Kurucz 2005), and LHD (Caffau & Ludwig
2007) model atmospheres. Further details of
this new feature are presented in the Linfor3D
user manual, Steffen et al. (2015).
3. Computing molecular bands
Using the pipeline, we have been able to con-
struct a grid of Linfor3D data for the G-band
and CN-band under the assumption of local
thermodynamic equilibrium (LTE). We now
describe the details in the construction of this
grid and detail the methods used to compute
the bands.
3.1. The G-band
The A2∆ − X2Π CH molecular feature, com-
monly referred to as the G-band consists of
3353 CH molecular and, for our work, upto
955 atomic transitions, as well as the Hγ
Balmer feature, over a 260 Å wavelength range
between 4140 − 4400 Å. Further details of
the line lists used for our work are given in
Gallagher et al. (2016). As such, computing
this feature sequentially in Linfor3D is not
practical, as was foreshadowed in Paper I.
Using the pipeline just described, we are able
to fully compute the G-band in sufficient de-
tail. We have constructed a sizeable grid of
G-band spectra with Linfor3D, covering the
majority of the CO5BOLD grid. At the cur-
rent date we have 500 synthetic G-band spectra
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for 70 CO5BOLD model atmospheres over the
metallicity range −4.0 ≤ [Fe/H] ≤ −0.5.
Every CO5BOLD model used to construct
the G-band grid has at least seven CNO abun-
dances. Six of these CNO abundances are com-
puted for a solar CNO mixture, which is scaled
by the carbon abundance. The synthetic G-
band of every model atmosphere was com-
puted over a carbon abundance range 6.0 ≤
A(C) ≤ 8.0, except for those models with
[Fe/H] = −2.0, where we compute spec-
tra over the carbon abundance range 6.5 ≤
A(C) ≤ 8.5. All carbon abundances were com-
puted over an interval ∆A(C) = 0.4 dex. We
also compute a single synthetic spectrum with
a reduced oxygen abundance, and hence an
enhanced C/O4 ratio, for every model atmo-
sphere used (precise values for these synthe-
ses given in Gallagher et al. 2016). This was
done to address the effect the C/O ratio has on
CH transitions; the higher the C/O ratio, the
stronger the CH transitions become. Full de-
tails are available in Gallagher et al. (2016).
The G-band grid is expanding. We intend to re-
duce the abundance interval between the CNO
abundances and expand the range in A(C). This
will provide a very large grid of syntheses to
utilise in CEMP star analyses, which will be
made public.
Figure 1 presents the G-band for a typ-
ical dwarf turn-off star with stellar param-
eters Teff/ log g/[Fe/H] = 6240/4.0/ − 3.0
(d3t63g40mm30n02). This model has been
synthesised for ∆A(CNO) = +2 dex, such that
A(C) = 7.39, A(N) = 6.78 and A(O) = 7.66.
The green and red boxes graphically repre-
sent the wavelength intervals used during the
synthesis. Each interval was 26 Å wide plus a
1 Å synthesis overlap with its neighbour. The
continuum of each interval was computed us-
ing three points inside each interval, which
were the minimum and maximum wavelengths
of the interval and the central wavelength of
the interval. Substantial testing showed that
the overlapping regions of the G-band syn-
thesis were perfectly reproduced by the in-
tersecting wavelength interval. The counter-
part 1D grid used for analysis in Gallagher
4 X/Y = N(X)/N(Y) = 10[A(X)−A(Y)]
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Fig. 2. The contribution functions of the G-
band in 3D (black) and 1D (blue) for the data
depicted in Fig 1. The 3D (black) and 1D (blue)
Hγ contribution functions have also been in-
cluded (dashed-dot lines).
et al. (2016) was constructed using the new
run mode in Linfor3D (Sect. 2.1), but it was
not synthesised using the wavelength inter-
vals used during the 3D synthesis. Instead,
each 1D synthetic profile was computed for the
entire G-band (260 Å). Test comparisons be-
tween them and 1D syntheses that were com-
puted over the wavelength intervals demon-
strated no discernible differences. This is be-
cause the continuum over the G-band wave-
length range is fairly monotonic, which means
that the three points used to compute the con-
tinuum in Linfor3D (as described above) were
sufficient.
It is evident on inspection that the lines
computed by the 3D synthesis are stronger than
those computed in the counterpart 1D (which
was computed using the LHD model for this
CO5BOLD model). Full details of the reasons
behind this are found in Gallagher et al. (2016).
In short, the cooler temperatures in the 3D
model leads to enhanced molecule formation
in the outer regions of the model, under LTE.
This is presented graphically in Fig. 2 as a con-
tribution function. As depicted, the 3D and its
equivalent 1D syntheses form in different re-
gions of their respective atmospheres. The inte-
gral of the two contribution functions also pro-
vide the total equivalent width of the feature.
By eye, it is evident that the strength of the
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Fig. 3. The CN-band in 3D (black) and 1D (blue) for a typical dwarf star with CO5BOLD name
designation d3t63g40mm30n02. Linfor3D was run in parallel over the snapshots (20 snapshots)
for the entire wavelength range.
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Fig. 4. The CN-band in 3D (black) and 1D
(blue) for the data depicted in Fig 3. The
3D (black) and 1D (blue) H8 contribution
functions have also been included (dashed-dot
lines).
3D G-band is larger than its 1D counterpart.
The peak that the 1D and 3D syntheses share
in the deeper regions of the models are primar-
ily due to the core of the Hγ Balmer line, which
is shown by the dashed-dot plots in the figure.
3.2. The CN-band
Paper I examined the B2Σ+X2Σ+(0−0) bimetal-
lic molecular feature commonly referred to as
the CN-band. It was stated that this feature,
in comparison to larger molecular features, is
much easier to compute. Using the pipeline
described above, we are able to compute the
CN-band, which covers the wavelength range
3870 − 3890 Å, in approximately 24 hours.
The molecular data for this band was taken
from Masseron et al. (2014)5 and the atomic
data was taken from the “Turn-Off Primordial
Stars” (TOPoS) ESO/VLT large programme
189.D-0165 (Caffau et al. 2013), which was
in turn taken from the “First Stars” ESO
large programme 165.N-0276(A) (Cayrel et al.
2004). The list includes 871 CN molecules, 47
atomic transitions and the H8 and H9 Balmer
lines. Only the H8 feature is visible in the se-
lected wavelength range. The H9 Balmer line
forms at 3835 Å but the wings of the line ex-
tend much further. An example of the CN-band
is presented in Fig. 3, which was computed us-
ing the same CNO abundances as was used
when computing the G-band in Fig. 1. Like
the G-band, the CN-band presents large differ-
ences between the overall strength of the 3D
and 1D profiles. That will lead to large 3D
corrections, reducing the carbon and nitrogen
abundance in a star. Fig. 4 illustrates that the
CN-band feature also forms in the outer re-
gions of 3D model atmosphere. This is due to
temperature and density fluctuations of the 3D
model, which a 1D model cannot replicate, as
well as the cooler overall temperature of the 3D
5 The database is available at
http://www.as.utexas.edu/∼chris/lab.html.
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model, relative to the counterpart 1D model. In
this example, the 1D and 3D formation is dom-
inated by the H8 Balmer feature (represented
by the dashed-dot lines) in the deeper regions
of the atmospheres.
As the wavelength range is considerably
smaller than the G-band, it was unnecessary
to compute the feature in wavelength inter-
vals. However, we do compute synthesis for
the snapshots in parallel (typically 20 synthe-
ses in parallel). This makes the CN-band an
ideal feature to analyse the C or N abundance
in a star (in conjunction with the G- or NH-
band). However, there is a problem.
3.2.1. The C/O ratio
The formation of the CN-band in a stellar
atmosphere is complex. In fact, it has been
known for 40 years that the solar CN-band is
extremely sensitive to departures from thermo-
dynamic equilibrium (NLTE), and that part of
it forms in the chromosphere (Mount & Linsky
1975). It has also been confirmed that metal-
poor dwarf stars have chromospheres (Takeda
& Takada-Hidai 2011; Smith et al. 2012), sug-
gesting that the same stipulations apply to
CN-band formation in metal-poor regimes. As
such, it would be important to model the chro-
mosphere when computing the CN-band, even
in metal-poor dwarf stars, which includes the
majority of known CEMP stars. Linfor3D is
not currently capable of computing synthesis
with CO5BOLD models that include a chromo-
sphere (Wedemeyer et al. 2013), until another
substantial upgrade is applied.
Paper I demonstrated that the C/O ratio has
a severe effect on the formation of the CN-band
in 3D; a larger C/O ratio pushes formation to
the outer regions of the computational box, and
when the C/O ratio exceeds 1.0, a significant
fraction of the band forms outside the confines
of the 3D computational box.
Figures 2 and 4 do not demonstrate any un-
usual behaviours in the CN- or G-band. The
bands are forming inside the confines of the
computational box, and the contributions at
different optical depths can be explained by the
different components that make these features
up, i.e. atomic and molecular transitions and
the Balmer series. However, the C/O ratio is
small in these examples, C/O = 0.54. As the
C/O ratio is increased to 21.4 (Fig. 5), the prob-
lems presented in Paper I can be reproduced.
In this example, A(CN) have been enhanced,
but oxygen has not, such that A(C) = 7.39,
A(N) = 6.78 and A(O) = 6.06. The effect on
formation in both bands is severe, when com-
pared to those depicted in Figs. 2 & 4, but the
problems are worse in the CN-band, as the ma-
jority of its formation is pushed outside the
confines of the computational box. A complete
description of why the C/O ratio has this ef-
fect on the carbon bearing molecules is given
in Gallagher et al. (2016)
We are currently investigating scenarios to
correct for the 3D-LTE effect of CN and CH
formation, however, this will be reported in a
future paper. Nevertheless, it is clear that the
C/O ratio is an important parameter for the CN-
and G-band, and hence a reasonable estimate
of the oxygen abundance would be ideal to re-
solve the problem in every star. However, this
is not possible for most metal-poor stars, so an-
other solution should be pursued.
3.3. The NH-band
The NH A3Πi − X3Σ− band (3360 Å NH-band)
was also studied in Paper I. However, the
size of the line list was severely reduced so
that its computation with the older version of
Linfor3D could be completed within a reason-
able time frame. We have not attempted to
compute the NH-band for this work. Instead,
we provide estimates based on the work pre-
sented in Paper I and work done on other
bands, presented here.
The original NH-band line list utilised in
Paper I, from the Kurucz list6, consisted of
614 NH transitions over an 11 Å range (3356−
3366 Å). The line list was down-selected so
that only 138 NH lines were considered, as
well as nine atomic lines, and the band was
computed over two wavelength intervals. With
the upgrades made to Linfor3D, the original
line list (614 NH transitions) could be com-
6 http://kurucz.harvard.edu/LINELISTS/
LINESMOL/nh.asc
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Fig. 5. The effect of the increasing C/O ratio on the CN-band (left) and G-band (right) molecular
features in 3D (black) and 1D (blue). C/O = 21.4 in both bands.
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Fig. 6. The current state of the CIFIST CO5BOLD grid as of the date of this publication. We only
include models for which we are interested in computing molecular bands.
puted in 24 hours, when the syntheses are
run in parallel over the snapshots. However,
this does not account for the entire NH-band
around 3345 − 3375 Å. There are 1375 NH
molecular transitions and ∼ 212 atomic tran-
sitions in the Kurucz database, totalling 1577
lines over 30 Å. Based on the work done in
Gallagher et al. (2016), we estimate that such a
band would require slightly more than 24 hours
to compute, if the computations were run in
parallel over the snapshots only. To reduce this
time, it would be useful to split the band into
two wavelength intervals (similar to what was
done with the G-band) and recombine them
upon completion. As the pipeline does this au-
tomatically, such an undertaking would not be
difficult.
It has been shown in Paper I and Gallagher
et al. (2016) that a line list can be down-
selected to suit the star’s metallicity, which
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would also speed up the synthesis consider-
ably, since Linfor3D requires the same time to
compute a weak or strong line. Therefore, this
list could be reduced, thereby shortening the
time taken for its computation. Nevertheless,
it appears that such work is feasible with the
latest versions of Linfor3D and grids will be
computed in the future.
4. The CO5BOLD model grid
The CO5BOLD community is very active in
the generation of new models that span the en-
tire H-R diagram. The Cosmological Impact
of the FIrst STars (CIFIST – Ludwig et al.
2009) collaboration has been computing mod-
els that cover the stellar parameters depicted
in Fig. 6. The CO5BOLD community is heav-
ily invested in the computation of CO5BOLD
models for giants, super giants, white dwarfs,
and brown dwarfs, as well as CO5BOLD mod-
els that include a chromosphere. As such, the
H-R diagram provided here is vastly under-
represented. A number of the CO5BOLD mod-
els in Fig. 6 have been computed several
times, for various reasons (new opacities, dif-
ferent opacity binnings, different scattering
treatments, etc.). Nevertheless, the green marks
depict the models that have been computed for
a geometrical resolution of 140 × 140 × 150
grid points, and those marked in blue have been
computed for a higher geometrical resolution
of 280 × 280 × 300 grid points. Models com-
puted for the smallest geometrical resolution
have been computed for 5, 6, 12 or 14 bins
– most have 12 or 14 opacity bins, however.
All models with the higher geometrical resolu-
tion have been computed with 12 to 14 opac-
ity bins. A detailed description of the opac-
ity binning is provided in Ludwig & Steffen
(2013). Boxes marked in red represent models
that are currently being computed, while those
in white have yet to be computed. We stress
that these models represent a part of the com-
bined CO5BOLD grid.
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